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ABSTRACT
The udluerm of delaminrttions on the natural bcq~rrcies and

mode shapes of a composite laminate are investigated rming
finite tlcrrmrrt  armlysis. An@tical studies ale  conducted on
laminated  beams and plates  contairikrg vmirru$ sims  and
locations of delamination. $pmird attention is fbeuscd on the
vibration rc8punse coIIespondinx  to higher  mode numbers, thf.st
is, in the inrmnediatc  fkequexrcy regime (+ OHIZ).  Only the
flexund vibrations am con$ide.red due fm the greater influence
thnt dehuninaticms have on thin mo&  of vhntion,  and sines it is
the predominant mode in this fmquerwy  regime. J3msed on the
results of this study, a methodology for clctermining  the size and
location of damage is suggested with the use of embedded
pie?a?kxtsic  scnsorx and actuators. Work is mlr’rtntly in pfogress
to drwelop  a health monitol~  ~stem fm determining  tic
presence and location of drirrmee in a czmpsite panel. Ttie
system WOM by exciting piczcdectrics ernbeddml i n t o  the
stiucture with brood band energy and monitori.n~ changes in the
strrJct ural re.sfwrme.  Pattetn  tw.xrgnition techniques arc tiler) used
to idsmtify shucturaJ defects,

INI 140 DUCTION
When a compositi. platti is subjected to lon~ term rsmchnnic.al

loading (fatigue), thermal cycling or impact loading, drrmagc  in
rhe form of mrrtrix GI tickiug and drlamimstion  occurs, l“hi~ w
of drurmgc is uwr.ally  riot visihlc  and can severely reduce both the
sbe.ogth  and stiflhesg ofa compcrsitc material and therefore alter
tie Vibratiorud response of the structure. While a number of
damage evsduntion  techniques have km  pxo~sed,  the approach
used in practice is dependent upon the type of d.mnage expected
UltraSOrriK  testing (Wlinrrm  and Lanqmt, 1980) is used for the
dctdion and assessment  of delamination in conlpoxite materials
and hrrs I ticcnt]y  been i.mmstigrded with scanniI w lawa acoustic
methods, This norwontrwt  monitoring technique has ken

employed by MeKic aTJd Addison (1992) to study contoured
composite parts fw deteztin~  impact darmge  and by Fhumg ad
Achcnbach ( 1 9 9 2 )  with a d u d - p r o b e  difltidial laser
inlerft wmeter  for moltiIoring l o c a l  wwc speeds. Acoustlr

emissions has shown prorniae for rncmitoring the evolution of
cracks and fibcf fractures irI a conlposite systmr  as demonstrated
try CKmrWrn  (1993) on polymeric materirds  and by Tiwari 8nd
Hemll kc on cesamic materiak (1992), lnfhrcncc  of dmnqe in
the form of mab’ix C( ticking and dehrrdnation  on changes in
c.ocfliL icnt  of ttrwna I expansion coefficient and o residunl
cmnpI emivc sbength  has nlso btin rtrmrtly  investigdcd  b y
Mitiovic  a n d  CatIuan ( 1 9 9 5 )  cm WOWJJ eom~sitc  systems,
while  some of time methods  are very ef%crivc in detecting
dansa~.c, many arc expcmiw, limited tn specialimd  inspdiOrI

sites, or require. time cmnsmming scanning of the whole surf=
On the Otk hmd  , i n - s i t u  meawrrmnrmt  of  dymamic
charm terdics. such m nature] frequcxwics,  is a CJNXE  convenknt
method for detecting drirnisge  in large  fits ucturm (Adam.. rind
Cawk-y, 1985) .  Dmnace  is @ically inferred frurn shifts in
nahnnJ tliwquencies,

The natural tiquenc ies and mode sha~s cmrrespding  to the
transwrse  vibrations of anisotipic plates can bc determined by
eitk exact or approximate analytical methods. Solutions for
mctw Igutar anisotmpic plotr.s swbjeaed  to difkrent bounrhy
condhiorui can be found in (Whitrwy. 19tt7), Thc,w soluticms  are
bawd on ckm+icd p18tc tkeory where ordy hnv frequeney.iong
wave length modes (i.c, plate  tltickJIcss is sr.nail in ccmspurison  to
the wiwe lengthn of vibrations) obeying the Kirc.ttoff rk+.rmatkm
hy-pthesis  w studied. For higher  frequencies, the wave kmgtbs
me short in comparison to the thickness of the plate and
trrmsverw shear defonnntion and robuy  inertia must be included
I@fluicd  theories (first r rnd  h igher  orderx shear dcfcmuation
theoI its) that include these effects CM be found in Whitney
(198’/) and Reddy a[id Khdt:ir  (].989).
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The dlid of drdamirmtions  on  the  dynamic  response of
composites has h=n studied artulytically zmd experimentrdly by a
number of resealcher$. Cawley and Adarns (1979) cldected
vorious types of dmnage in composite plates,  including hcjlcs,
saw cuts and impact damage, by measuring the chrmges in lowti
structural natural frcqumcie.s. Tracy et al. (1985) investigated
changes in the firot 25 natural f.itxprencies of impactrxi compcmite
plates with h boundaries and reported reductions in
frequencies  fm selected  mode shape$. Reddy et al. (1984)
s tudied  both analyticsdly and u+mnmenbdly  the irttkmrx:  of
prescribed de.larninatiom on vibration response of conlposite
pldes,  While there have been ~mdirs on damaged plates, the
vast majority of work has focused on the dymunic response of
composite bm.m wr-ucrtn  es (Tracy and Pardoert, 1989, Mujumdar
and Wyanrrraysm,  1988,  and Stnrnos et al. ,1 992). These efforts
used engirwwing  beam theory to modd  the delamination by
d i v i d i n g  t h e  b e a m  into fom separute s e g m e n t s ,  with
characterized by cl.i ffer-ent bending and mten..ionsl  sti ftnesses.
Keilers and Chang (1995) rmd built-in piezoelectrics  stmsors
and actuators to experimental [y ddect delaminnt.iom  ro Id
estimate their size and location in composite beams. However,
while a number of I Esearchem hrwe tivestigahd the shifts in
natural frequencies, they have typically lirrtjted theu  studies to
the lower order modes of vibration.

Oru objective is [o clcv.dop  a methodology whkh  is sufflcientl y
sensitive to detect rtnnmgc, such as delami.rmtioli, in advanced
compcwitt matcmak. It is our understanding that iotermediatv
and high fitqtrency mnges provide more opportunities for
deve loping  a  .str uctrmrl health monitoring system than
conventionally employed low fftqbmrcy mzgimes,  E3y comparing
natural fiequenc.ie.s obtained orl a baseline sb UChIJe  whh unes
mesmured aftcI a certain  time of service, information about me
indumd damage WI be obtiined,  This apprurmh is  currently
being investigated u.~i]lg a nehvork of distributed ple.cmekx:lric
actuatorsLxmors  to dttcct chmges  in  s t ructural  vibrat ion
signaturm.  This kind of health monitoring system works on a
pattrxn recognition technique to identi~ the structural defect.
Trakiing of the neura l  ne twork  can  b e  a c c o m p l i s h e d
cxperirmmta]ly, however, an air.alyticrrl mndel can also be used to
sholteu the time and resow~efi  mquircd.  In this study we  propose
to we E finite c]ement appJoxh M a melhod to train the neru d
netwwrk 1 ‘he choiw  of this rwmeric.al method i B bawd  on the
fact that closrxl form solutions for delaminated plalcs  dc, not
cw,. i$t

ANALYTICAL MODELING
l?te wed purpose fwite  element eomputm  mdc  PA’I RAN

was used to model a plate contining  a simulaied  delamirdiorr.
T’wu sets of analysia wxe perfoI’IIExI  to evaluate the influence of
delamination on vibration response; onf! for COmpOSik  beams

and the other for composite plates, 10 simplify the modeling
~pftKIBCh,  only a single midplarre delamination wari studied. ‘Ilis
d.elamrnation h a s  t h e  lar’gmt irnpwt  on a  plates  natural
flvqueucies as show by Mujumd.ar and SuryanaraYan ( 198S).

Gompe9it0BQ.@~8  nalys19
Finitr  element analysis of B composite beam rrpeeimtm was

per+ornwd  using 4800 quadrilateral p]BiIl  strain  e]ements, that is
8 elerncnts through the thickness and 600 clerrumts through the
length of the beam (scr Figure 1 ) The physics of the probkrn
juatitks  the plaiII-strain wwrnption,  since the width of the beam
is much long=  than the beam thickness. ‘he rtlakria.i Proper-ties
axe rmi!_orm  and orttmb:opic,

FIGURE 1. FIN1-r[ ELEMENT MODFL OF A BEAM

A rv dphme delaminrrticrn is incorporated in the model by
smlply discorrnectirrg t h e  layers o f  n o d e s  i n  t h e  region
ccm~spanding  to the simulated dehunirraticm length  k order to
ensure that physically impossible mode shapcii did not ocwr
(discussion to follow later), and to simulate the contit fo]ces
which develop bck-en the layers, spring (bar) elements vmre
initially used to connect the nodes MWWM  d&mri.nated layers,
HOWJEVLT, tie na tura l  f requencies  obta ined us ing  th is
methocl  O1ORY art d+e ndt-nt  on the spring (bar) stiflnew,  and &is
me thocl  did not prewnt the non-physicul mode shapes from
oc,curri[)g. This later fact  was due to rohtiort  Of tie spring
elemen~ connecting the dekminatcd  layers. _HrerefoIc, the
modeli~  Ig appruach adopted was di sconruxting the nodes
beiwweu  two delrutirmted layers.

COWC@tQ  Pksti.mlyals
Finiit- element rmnly.is of a composite plate  was  performed

ruing 1600 four-noded  quadrilateral shell elements  (QUAlY4/0)
which luive five degrees  of freedom at each node in the local
coorditu+tcs, T h i s  e l e m e n t  irnplemrmts  a ‘classicaJ’ lamimtc
thrmr-y, ao it is well suited to modeling thin strolls (1’AIRAN
User Manual, 1990). Also, the properties of a ply and the
strrckirm ~~~i~ can be diredly  input to the model, with
extcmsionalhcltdhg  stifll~ess terms automatically crslcmtnted

A  fi w diffmtmt appromhm  for simulating the midplane
dehurfil  ,alion were investigated, At first,  the dehmrjnation  wa$
incorporated inlo the fiuute element  model by rcpkmtig  S[=cific
16 ply undamaged elements (fill phtc thickness) with an
clemerlt consisting of only the up~ clekrminated region, that is
ordy 8 plies in the dchsrn.inBted regim~, In the limit as the
delrunimrtiort jgows tiurmp~ the entire plate,  WUSI  approximation ~
providm the correc~ solution to the vibration res~nse of a
dclmuiuated p l a t e  ~bwcvcr,  th~ Iesults  o f  simuhIlierrs
perfoII,led in this study S}ICIW tit this approae-b tends to
substm Ltial iy ovcrpredi(t  the. reductiorw m naturrd fkquencies.
Thaetwe,  more accurate sirnrdatiom~  were rec@rcd. This w~s



accomplished by replacing tlm 16 ply ursdnrrraged elements ]n the
dthrr.iruited region with hvu layers of plate  elements cor~~isting
of only half of the plate thickness. These 8 ply elements, while
ocmpying  the srum volume, ww.m comrtxted to two independent
layers of nodes (sm  Figure 2). At tir~t, spI in~ e~~l~l~% were
used to comwcl the nodes  between these * layers in order to
simulrrte  the contact forum which add develop.  However, aa
6tated pmwiowdy, this was not .Succcssful.  Conwquentiy,  t h e
model utilizkg  the two Iayms of unconnected plate A=nlent.s  was
usrd

D.lan,inwrd rcgirm

2 irdcpcndaw  Imycra  of node.i

2 ei$lil  -ply .Imll  “Ia,ialh

mrwm-pty  dvll d.nmnL1

FIGURE 2. FINITE ELEMENT MODEL OF A
DELAMINATED P1 A1”E

It should be pointed out that the main objective of this part of
the research WSK3  to investigate the changes of natural
frcqmrwies and mode shapcb in the intermediate (<lCM%)
frequency rtfiirn.=s. Tlis required a fme mesh sus trI accurately
depict the response of the pla~. Comparisons made between a
4000 element mesh and a 1600 element mesh mntaining  a
delaminated region revealed no discreprmcies in the fust  100
rrr+turrd f requencies .  Also ,  the rwndts of this Wlysis were
compartd with the anaJytica.t  Mlutions  available in tlm literature
(Whitney, 19x7) for undamqyxl  plates  clampsd all around, whh
less than 1% crmr observed for the firm 100 natuml  frequrmcits,
This indicates dmt the adopted mesh is of sufl~cient ~i?e to
resolve Mew natural frequencies.

MATERIAL SYSTEM
lhe mr+teriaJ system used in thi$ study is an AS4/3501 -6

graphitekpoay  composite materhl. Mechanical properties for
t-his transversely isotropic mfsl-et%l  are listed in Table 1, l“he
armly~is was performed on a [O@15/45+J45/02]~  Iarninalc that
w~q clamped on lmth sides (beam) and cJamped all armmd lhe
boun~ (plate). Additionrd  studies have been psrforrned and
some of them will be discussed Inmr,

The follmvmg dimensions Wm employed in this sttldy:
for a beam snrdysis: 1 =o.61o  m
for a plate ardyfiir+ a = 0.280 m, b = 0.280  m

TABLE 1. UNIDIREC1  IONAL LAMINA  (PLY)
PROPE Fi-[ ll-S  FOR AS4/35131  -6

. ,——
till (CWa) 139.1
z]) (GF%) 9.207
G,2 (OPa) 5.2.8

v12 0.280
V23 0.202

p (k.ghn’) 1600
_ Qlv thicktres<mmj 0.125. .. —--- -..

REStJLTS  AND DISCUSSION
As frtrrtsd  previcdy, only the flemrral vibrations were of

intern $t in this study. However, in intermediate arrd higher
frcqwrrcy regimes ovmlap occurs bclween  the flexural and axial
vibrrtliom, thufl the nahmd f r e q u e n c i e s  a n d  mode akmpes
corresponding to the axial vibrations  were ignoIed, AIso, Bll
nmde.  studi.d  have waveler@hs  of vibmtion s u b s t a n t i a l l y
smaller thrur the plate thickness, thus justifying the omimion  of
tranmwrse shear deforrnaticm and rotary inertia  fr um the analysis.

l%wious xesearsh in this area (Mujumdar  and SuryarImIYan,
1988,  and TIacy and Pa.rdoeo. 1989),  u.@ beam theory ,
demofistrarr.d that the modeling approach employed inftucncm
the calculated Vibratic,n response, It was found that wherr the
dehintinnted  lriyem are free to deflect, and thus lmve diflewnt
tzunweme displacements, the predicted reductions in natural
fiwqurncies  overestimate  exqmimmdd  data  (Mujtilndiir a r r d
Suryanmayart, 19Fig, and Chen et al., 1 995], These fesefrrchers
sugge $ted thslt the constrrrillt o f  identicaJ traftsvessc
displacements of two delaminated layers must be taken into
aecouot in order to prevent WE non-physiud  mDdc shrq-es. Since
the finite element modeling apprmrh  adopted in this analysis
did m+ inrpow .wrh corurt.rain@,  the mode shapes obtained by
this a~ysis  V,,CTC  closely ~otitored  and the Mtural  frequencies
corresponding to th~ non-physical modt  shapes were .qhnply
remloved. Typical mode shrrpm for Mh beam and plate analysis
thrrt r~~lesent the inadmissible vibration mmks  are presented in
Figwc-3

l.-
— ..——.. —.— . ..— —
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I IQURE 3. INADMISSIBLE MODE SHAPES FOR

A) COMPOSITE BEAM AND B) COMPOSll L PLATE



AS m bc men from this Figure,  i.n,mirnissiblc overlap oeours been M and described in detail previowly  (Tracy and
at certain points. I@rrovrri  of these mffle  s.hopes Was Simplified P(srdwm, 1989,  a n d  Mrrjurndar  a n d  Suryansmsyan, 1988), the
by the fart thot the corre$pmding  natural frequencies have the tidepwsdence  of  thr  fitquency  change f o r  t h e  higher mode

same  vrdue  regardless of the destination lwation  (fca sar]le nurntum+  hmi not bmm obserwxt to our knowledge,
delamination si.m). These ‘lomd’ mrxk shapes uppear to resonate
indeperrdentiy of the rest of the structure, and oeeur only when
the wave kmgtjr of vihrution is of the same length as the I ABLE Il. FIRS1 25 NATURAL. FREQUENCIES OF A
delamination being studied. Possibly inaccurate, this ob.servd
belmvim nmy serve as au indication of the local resmmnce
previously investigated by Lfi and Hemleke (1990) using
vibrothermogmphy, These remmuchm dernomtititcd  that b y
exciting a da.rrmged  composite plate in specific frequency
regimes, local msonancz oexmrs. l?US produces heat which can
& deteded  by therrnogruphy.  H e - t  g e n e r a t i o n  ahordd  be
maxirrri?~d  when the delaminated layers rub together, which
~t.dd tippcar to l~present  the non-phy~icrd  mode shapes. AJl
other mode shapes in our investigation di@ayrxl  identjcal
diqdocemen[s of the two drhmi.rmted  layers, as expected for
m,idplane  delamination.

~QIIWMilk&?W!_/!.!lQN41S
The result-q of this part of’ the analysis  are presmtcd  in Table ~

and Figure 4. The compsite  beam studied was clampd  on both
sides w~d conta ioed through the widtA  midplrme dehrnimttion,
Three diflerent centra l ly  located dtht.rrrination sks w e r e
invmtigated  Sp.IU@  10, 15 and 20°A of Use b-l total length
As can be sxn (Table JI and Fi~re 4) percentile changes in
mtulal  fiequeucies, fol a specific delamination sire, ewhibit
large variations as long M the size of delamination is .smrsller
th~ the W a v e l e n g t h  o f  vibl atiem ~ufih~ore, tie m~imurl,
change in fi equency mum when the twu twcorne of the aamc
order of magnitude 011 the ot.hm hmrd, WhCO tJw de(~~~tion

exceeds the wavelength of Vibmtion negligible changes m
obsemed in percentile frequency reduction. For example,
changes in the first five rsatula,l fiequtmc.ies of 200/. delaminated
b e a m  difTkr by as muh as 18V0  whi le  fox the larger rhude
numbers little vanotions (less  than 4 VO) are present. ‘J here fore,
for high mode shapes, the natural tiequexmes  of a beam change
by approximately h same percentage, ‘II,is is similar to a beam
whose stimucss properties wme uniformly ehnngeel

The influence of dclamimrtion  location  (for ~]~~mtion of
20%’. of the beam length) on llcqtsrmcy changes is presented in
Figures 5 rmd 6. As ran be seen, the changes in the first five
natural tlequencics  srru stl unp,ly  dependent on damage location,
Jt h~w been reportd that the stress  distribution in a vibmting
ticture is n o n u n i f o r m  a n d  k+ diffcrertt foI =ch Mtural

tiecprency  [mode) (Adams a n d  CsIwlcy,  1 9 8 5 ) .  The largest
redurtjnrr in natural fi~~uencies occurs when the edges of
d~maged regi~ tue lexwted at the point of maximum stress
(amplitude peak), white  the cflects  on natural fr-equencirs are
smaller when they are close to the. point of zero BtrEss for a gjven
JlltXie. However, fkequawy changes correqxsnding to higher
mode numbers appear  to be indqxmdmt  of drunagc position It
rrppars  tha[ for mode shapes  fof which the darrmged region is
covered with more than one wavehmgth of vibr Mtiou,  the stress iri
‘evenJ~ distributed and the vafiati~ in natural h quenc.ies  Me
mini.rrml  While fntquency changes for the firw few rnodm have

CCIMPC)S1-rE  BEAM FoR DIFFERENT, CENTFWL1  Y
LCICATED, DELAMINATION SIZES

LJndwm~ Damsg.d  - ccrticr  clrlnmiamion
..— .  _  . ,  _ ,  _ _ _ _ _ _ _ _ _ _  .  .  .

M o d e  F:cqucncy IrI”A 1s% 20% -

1
2
3
4
5
6
7
8
9
10
11
12
13
14
Is
16
17
18
19
20
21
22
23
24
25

Hz Hz
—— . . . .

39
108
211
349
521
727
968
1243
1552
1895
2271
2682
3127
3605
4117

4662

5241

3853
6497

7175

7885

8628
9404

1021]

110s1.

39
106
211
333
51$)

670

937

1122
1508

1712

7153

745?

?893
3336

3771

4349

4811

5462
6010
6648

7348

7923
8799

9346
1032-/
. .-—

% ctiff. }Lz % em. Hz % cliff
---

0.0 39 0.0 39 0.1
1.4

0,1

4<5
0,4

7.8
1.2

9.7

‘2,8

9,7

5.2
8,6

7.5

‘?.s
8.4

6.7

8.2

6.7
7.5

7,3
6.8

8.2!
6.4

8,5

6,5

103 4,4
210 0.4

308 11.7
308 2.4
623 14.?
900 7,0
1087 12.5
1374 11.4
1699 103
1995 12.2
2419 9.8
2788 10.8
3196 11.3
3721 9,6
0083 12.4
4726 9,8
5161 11.8
5767 11.2
6406 10.7
6953 11.8
7735 10.3
8352 11,2
9076 11.1

98 9.3

207 1,7

285 18,2
478 s,?,

609 16.2
E!20 15.3

1082 129

1 3 1 7  15,1

1632 13.8

1982 12.8

2251 16.1

2721 13.0
3064 150

3492 15.2

4031 13.5

4458 14.9

5012 14.4

5617 13.5

6067 1544
6805 13.7

7371 14.6

7996 1s.0

8811 13.7
9907 10.3 9435 14.6——. .—— —— —

-.. .
1

FIGURF  4. CHANGES IN NATUF+AL FREQUENCIES  AS
A FIJNC1 ION OF DELAMINATION SIZES AND MODE

NUMBERS
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FIGURE 6. CHANGE IN NATURA1 FREQUENCIES C)F A
COMPOSITE BEAM AS A FUNCTION OF SPANWISE

LOCATION FOR DIFFERENT MODE NUMBERS

T h e r e f o r e ,  the inf luence  of  d&rminations  MI  h i g h e r

frequencies is insensitive to location and the frequency values
are equally affkcted i.o pero.cmtage. These results leads us to
sug@ a new methodology for inferring the delrsmi.rmtion size
and lcxatiom That is, rhc dclrrmirmtion size could be int”zrled by
focusing  on ficquency changes of higher mode numbem,  since
each delamination size pj odtices d.ifkrent  percentdc  changes
(SEX Figrue 7). AISC),  rather than focus cm a specific fiequcrmy, a
number of frequencies should be scam-red and the average shift
should be evaluated. This provides a qunlitalive  vs.duc  over a
nurtdxr of frequencies, and it dampeIL%  out discrepancies due to
eXfrrxirncnbrl  mfiwrrement  error~, C)nce t h e  size hns bc.err
detmmined,  emphasize should be plrsced on the. first few naturai
frequencies in ordm to deduce the Irm-rt iorr of the darrur~e, since
these mo&s are mom scrlsitive to dmrr.ri~e  10C8UOIL

b

1

3
— ! -–.  —  .—-—-.  —....

5 lfJ 15 20

Marrthtrbn  lctrgrh [% bf th. tok+l tam Icngrh]

f IGURE ‘/ . AVLflAQE FREQUENCY CHANGES
CORI+ESpONDING  TO HIGHEFI MODEs oF VIB13ATION

(20 - 25) AS A FUNCTION OF DELAMINATICIN SIZE.

92nmmM plate 8mlYf318
I n  M s e c t i o n  the Mumce of a debrminatiOn’s  size and

lomti,n on the dynmnic  resTonse  of a c o m p o s i t e  plate is
invesligrkd.  The fnst 100 natural fmprerrcies  and mode shapes
were wduated to scc if tk higher modes are influenced more by
dnma~,e than tlm lower ones, and to see if behavio] rq.arding  the
louti{,n  and shc of chmurge, obsewed  in beam analysis, is also
valid for the dynamic response of cotrqmsite plntes,

Ilme diffkrent dehunination  s i z e s  me investiga~d.  ‘fhey
represent sizes likely to rxcur  in servim and wvcr  1, 4 and
6.25% of the panel area A acherrurtic representation of differ-t
lod.iong  is prtisen~d  in F@re 8. That is, a fobl  of ten diflerent
10c(4tirmr7 Weft invmtigated,  Due to plate  symmetIy, r e s u l t s
obtai: led for these t tn lncatiorss should also be va.1 id for other’

symmetr ic  loesrtions  in the plate, Rewlw  of tk ftife element
tiysis show that (iclaIIlinatioRs spanning only 1 Y. of the p]ale
area  J educe natu.rd frcquermies less than 10/.. On the other hand
4 %  md  6.2$’VO dehmirudions  display substantially larger
influr nw on dynamic response of the plate. For a delamination
sparming 6,25°A of the pkrte area, reductions in natural
fhqwncies range fi urn Y% t o  11 “A dcpendin~ o n  the
delarr irmtion priiticm  rrrrd Inode number. While these pmentile
charrjw  mrsy seem small, the absolute tkquerwy  changes can be
quite large for selected mode numbers, i.e, on ihc orda of f~
iutrd, ed HZ

FIGURE 8. SCHEMATIC REPRESENTATION OF
S-! UDIED DELAMINATION LOCATIONS IN A PLATE



h Figure Y changes in Ikequer-rcy  as a function of location (only
one quarter of a plate), for 6.25°/0 delamination, % pretrtmtcd
for three different mode shapes. ~cy concsporrd tD the fiist  WD
tmtural  frequencies of a plate and the third one representing a
high=  fs eqrmmcy  mode sbpe (~,l~Ifi,~ <= 9378 Hz). As can be
s e e n  (Figure 9 a ) ,  t h e  Icduction  irI funrkmmti  freqkncy
changes between O, 8% and 5. So/O depcndirrg cm the location, The
similar trend is ob.served for the second natural  II equenc.y
(Figrnc 9h), but with a differed pattan in freqrrenry chrmges,
Howvve[, for the higher fiequtmcy range the changes seem to be
relatively independent of chrrurge  location (Figure 9c). The
mmdrrrrrni frcquenq  r e d u c t i o n s  OCCUI Whw thr d-xj~ is
located UI the regions of a plate  with higher swain energy. In
lower v ibra t ion  modes shain energy dis t r ibut ion  i s  less
uniformly distributed than in the higher onrxi, which causes
larger t.iequency variations tlmt dcpead  on the dnrnage location.
Fwm fol cmifii.ri hipjvm  order mocks tlrcre is a dependrmce  on
durrmge position, howwvw,  on the crverE@  percentile changes are
m u c h  smaller than fo~ the first few modes,  lhrx efore, an
approach simi Iar to the one proposed for mortitcwing  dama w in
Imarns cwr be i m p l e m e n t e d  in order to irrfti  the six of
delamination.

a) First natural frequency

b) Second  nritural frequency .T

c) higher ordtw frequency (-100)

FIQURF 9. CHANGES IN FREQUENCIES OF
SELECTEt)  MODE NUMBERS (CCIMPOSI1 E PLATE) AS

A FUNC1 ION CIF DELAMINA1 ION LOCATION

BY comparirlg the m o d e  shripcs o f  the baseline s n d
delsm infited compos;te b~wns  and plates additional information
about the darrrsge prcsmt in the corn~site cart & obtained It
has been noted tlmt most of the mode shapes have ittcfased
amplit ode responses in the regiorr wh=e damage is, as compatcd
to othm parts of th hminiite  without delamination This
loealtiwl  belmvior is unde.rstible  from B physical perspective,
due  10 the lower flexrrm.1  stittness  of the laminate in the
dehmirrnted  rcFjon However, the regio~, of irrfluervx of d-e
or] thf- m o d e  shrqxs is lri[gm than the  ac tual  sj.m of t h e
delamlrudjon,  A..suming t h a t  a  d i s t r i b u t e d  netwurk o f
piezoelectric  rrctuatom  and sertsors is used ,  titr l o c a l i z e d
brlrm or may lerrd tc, m ‘amplified’ response of specific .wnsm
in the vicio,it y of darrmge, tJlerefO1 e signaling the lomtion of
damap,c.

EXPERIMENTAL MEASUREMENTS
I?xpmirrrents arc curlent] y underway to verify the results of the

finite clement  analysis. In paticular,  a 0,305  x 0.305 m set of
mmpxsite  panels [(J++ 5145+t5/02]~ have bum  built and we
curratly being evaluated, The experimental te~s c.arsist of
using an impulse hammer to exmn.irre natural frequencies
~~lirtg florrr 0-10 kllx  and then veri~ the reriults with the
PZ1’  rwnsor eoldiguration.  The HP3562 is used in corljurrction
with tile STAR Struclu]al Mewrrurnmrw  Systems software and
the P(’B Electronics 086B03  Impulse Force Hammer to trrk
impulse mtisurements.  Tests are performed on both brmlinc
and cblmaged pl~tes with free boundaries. The impact induced
d.arohF,c  covered approximately 5CI x 50 mm, that is 2.7% of
plate arti. Only the results  for the low frequency region are
can  en t ly avaihrble, and they a{ c presented irr the Table III

A co,nparison of the ]csults  (Trrhk III) shows  some ditlerenccs

betwwn  pledicted  and esprnirnerrtzdly obtained valrres. W h i l e
there i~ a Aativd  y Kocd  agreement for a plrrtc without damage,
the experimentfdly rnemrmd  natural tiquency at J 02 Ilz  was
not prrdic.ted by the armty8iR. Also, some closely spaced modes
(1 Bt slid ?.rid, and 4!}1 and 5th) wae eornpressed intrI a single



m o d e  wi~ch wus not riaolvcd  cxpmirnentdy.  ~s acirrrdly
resulted in an incmxwe of the ftrridmtal fi eqWCY and in
disappearance of the second frequency, I Iowcwer,  averuge
prcdietcd ar]d cxpm i.rnentally observed percent.h GhMJgrS  fc,r the

first &n modes  aIe mawnably close.

TABI E Ill , NATURAL FREQUENCIES OF A BASELINE
AND DAMAGED PlATi2

- . .
Mcxic

number
1
2
3
4
5
6
-1
8
9

10 .-..

~wUhlI of FFM  autilysis

no damage damaged
fi~ P ~,1 . .@, r~q. ..—

77 76
84 82.5

179 1 ;-/
182 1.79
222 ?,2.1.7
256 254.6
333 331.5
377 369.9

._____47?. 464.9——– ——.. — .

’70

reduetion- —.-
1.3
1.8

1.1
1.6
0.1
0.5
0,4
1.9
1.5,A. .

. .———.. @rimenttd results
Mode

.. —_. _.—
no damrrge dmrmged Yo

[lUWl&f 0) ~1,] twktion. u.—.  .—.  —— .—. . . .
1

———-— —-— ..—.
75 7 7 - -2.6

2 86
3 102
4 170
5 187
6 2@l
7 274
R 339
9 374

-10 471..-.. —.. . . . . .

I 02 0,0

186 0.5
203 0.5
268 2.1
338 0.3
370 1.1
470 0,2. - -  — _ _ _ _— - . .

A 8tie9 of tests WVIe also pm formed on composite plates
COfJbkr@  plQIxlcGhlc  sensors  and aCtUAhX8. ~ his par? of the
experiment al study involved much wider frequency rat Ige (up to
1,00 kHz) for detecting the presence, severity, and location of
damage. Six 6,35 mm - diameter  (0.2.5”) PZ1 ceramic disks
wwe embedded in a 0,33 by 0.63S m (13” by 25”), 16 ply
graphitekpoxy  p a n e l  [01/-45 /45+45/02]s.  The ptmel was
claln~d around the edges by a acries of fasten.i.r~,  screw. Figure
10 show the layout of the tiamuhxxrY  and the screw locationrr
on the test  panel. PKI Ill wus used to wmd  out a periodjc chirp
signal swc}~t in ~requency from O - 100 kHz. P7,T  #2 - #6 were
phwd h, s e n s i n g  mock in  order  10 mcastrre the stiuctuml
vibration response I he sensor dnta w sampled at 2?50 kIKz arsd
downbdcd from a sip~l rmalymr  to a PC wsing a Nat ional
hrs~ti)ts Ih’EF+l 8g interface  txmrd

.- —.- . . . . . . . . . . . . — —.—–.

— —.. .—.
FICiURE 10. Pfi’ l~Y=~Cb-klPO-SIT~~

A  .serieri  o f  “bawline” measurements  Wf21  c taken on an
undamaged  panel, 130ur!daly failure was simrdarcd by loosening
screws along the boundary .  Figurw 11 compares  two pvm
s~ctrums, one flwrn the briselinc (healthy) mse  rmd the other
from H damage cme where 3 cortscawtive  screws were loosened.
As ewi be sea, there  is a .shifl in magnitude and frequency with
dama~e.

. . —.———.

--— .—----- .—— —-—“1
FIC+URE  11. PSD OF BASELINE AND 3 LOOSENED

SCREWS (AC1 UATC)R 1, SENSOR 6)

In o, der tc) qwrrdify the mld.ive change ktwn the bmelint
a n d  d mrage case, the corwlarion  coeflcient,  CC, can b e
calmrlidcd:

x% -ZXY, - j’) (1)-  =.–—...= =-:=“(’=F’X-’’2R(”J-2  J’2
wher~ x and y are the baseline and damage time aigmals,
respec iively, and i rum  nvcx the number of time data points. Tle
range of correlation cOcfiwierlt is fkom (J for rro cofrclation,  to ]

for perfect shape conformity, Uniform c.hmr.gcs in mngnitude  or
sc~l~c  do not effect k value of CC. Figure 12 shows tbc ucnd
i s  tmvords less corrcldion  as mnre screw Me Ioo.senwl, Note



.

--

to a correlation of almost 1

.—

-, .

FIGURE 12. CC PLOT FOR LOOSENED  ScREWS
(ACTUATOR 1, SENSOR 6)

Another way to quanti~ the effect of darrmge  is to calculate a
f,eature  ref~d ~ here  as TIM .wmdelfa:

.$wd~~fa  = xah~(.Y,  - ~, )
I (2)

whqe ~ 1S any  casjecutive  s e r i e s  of pdttt$  Witi tile Pw’m
speG~ ~m It can k calculated  over any particular  frcque,,~y b~d
of interest. Figure 13 shows the plot of the su.rndelta  from 10 .
100 kHz. The chmge in power from the baseline increases w
more screw are loosened.

. . .— —---- .—. ——.. .— .—.—. —

. ...=.

FIGURE 13. SUMDELTA P1.Or FOR 100SLNED
SCREWS (ACTUA~OR 1, SENSOR 6)

JMunir@ion  tests  w[c also paforrmd. The !hrne  on the
n,@t side of the panel wrrs removed and a delamination ww
crmted by driving n thin wedge inm the edge  of the panel at the
m i d  p lane  as  shown in Figure 14. Figwu 15 shows the
eurmdrstivc  sumcldtsi  frbm 10- 100 kIIz fo[ each sensor. L] order
to compare dsta between sensom, tkw sumdelta for each sensor
has tien norrnali?ed by their own brmeline signal power. No~

thrrt tile seosors C1OSCM  to the damage, //3 and #6, Mperieme  the
laqgcs[  percenhge  rhnge in signal rrtret’@ ovti the selected
bxp ney band Silnilar IesulL~  have tin obsct_w.M for other
types of darrrapcs such as holes, impacts, and boundary !kilrucs.

—— . ,. . . ..— —

FIGURE 14. DEI.AMINATION LOCATION IN——-— -----
COMPOSITE TEST PANE1

—.—— .

FIGURE 1S.

CONCLUS1ONS

..— . . . .

NORMALIZED SUMDELTA FOR
DELAMINATION

The influence of damage on Vikmdtion response for a spxifrc
composite hrninfstt  has twen invcstigatd  both analytically and
cx-pcriroerrtally.  Results su~gest thnt by monitor ing chm~cs in
natul al frequmrcics  slid mode  slmpes in the intermediaw  a n d
highw fiequmcy  re~mes, valuable information rrbout  the
presrnt  dama~e can be obtiincd.  Work is currently ongoing to
develop a health monitoring sysIern cnrrbi.ni.ng embedded
piez.~,electric  ac tuators  ond sensors .  hpxi.mental rewrlts
dernonstiate  fie ability  of such a system to delect  tie pre-%

sew, ity and locatim of damage  in structures by nmritorin~

strw  tural vibration rihnnges over a wide fiequerrcy range.
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